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I n t r o d u c t i o n  

I n  t h e  l as t  few y e a r s ,  d a t a  have been g a t h e r e d  which i n d i c a t e  t h a t  

one of t h e  major  envi ronmenta l  f a c t o r s  which must be cons ide red  f o r  any 

space  v e h i c l e  i s  t h a t  of r a d i a t i o n .  The r a d i a t i o n  environment  h a s  : - ' ?  

found t o  be a n  impor t an t  c o n s i d e r a t i o n  n o t  o n l y  f o r  t h o s e  v e h i c l e s  vh:ch 

c a r r y  a r e a c t o r  on board f o r  p r o p u l s i o n  o r  power b u t  f o r  a l l  v e h i c l e s  

s ince  they  will b e  exposed t o  t h e  i n d i g e n o u s ' r a d i a t i o n s  i n  space  ( i . e .  

, ,  . 

. . .  
I . -  

; g a l a c t i c  cosmic r a y s ,  s o l a r  p r o t o n s ,  geomagne t i ca l ly  t r apped  r a d i a t i o n ) .  
. ._ '  , ' . _ _  - *  

. . I  . .:. , I I 

On . .  board  r e a c t o r  s o u r c e s  p r e s e n t ,  i n  g e n e r a l ,  a f i x e d  . sou rce  of 

r a d i a t i o n  w i t h  t h e  i n t e n s i t y  of t h e  leakage  r a d i a t i o n  be ing  dependent  

upon t h e  t i m e  p r o f i l e  of  the  power. b u t  w i t h  t h e  spectral ,  a n g u l a r ,  and 
* , . ~  - 

. ; 

spa t i a l  d i s t r i b u t i o n s  remain ing  more o r  less c o n s t a n t  and de termined  t o  

a l a r g e  d e g r e e  by t h e  geometry of t h e  p a r t i c u l a r  v e h i c l e .  On t h e  o t h e r  

hand, t h e  v a r i o u s  components of  t h e  ind igenous  r a d i a t i o n s  are known t o  

v a r y  g r e a t l y  i n  s p e c t r a l ,  a n p l a r ,  and s p a t i a l  d i s t r i b u t i o n s  as well as 

i n  composi t ion  depending upon p o s i t i o n  and t i m e .  

I 

The purpose  of t h i s  pa.per i s  t o  convey i n  s i m p l e  terms t h e  c u r r e n t  

I p i c t u r e  of t h e  impor t an t  coaponents  ( f o r  space  v e h i c l e  d e s i g n )  of t h e  

ind igenous  r a d i a t i o n  f i e l d s  i n  space, i n c l u d i n g  g a l a c t i c  cosmic r a d i a -  

t i o n ,  sc.-w- cosmic r a d i a t i o n  ( s o l a r  p r o t o n s ) ,  and t h e  geomagne t i ca l ly  

t r apped  r a d i a t i o n  b o t h  from n a t u r a l  o r i g i n  and from t h e  J u l y  1962 h i g h  

a l t i t u d e  n u c l e a r  d e t o n a t i o n .  



L .  . Ga l a c t i c  Co s x i c  F,ad i a t  ion 

Gal9ct i .c  cosmic r a d i a t i o n  p r e s e n t s  a more o r  l e s s  c o n s t a n t  ( e v c n ? t  
. ,  

f o r  solar modulat ion)  env i ronmen ta l  f a c t o r  t o  which any space  v e h i c l e  

w i l l  h e  s u b j e c t e d .  

o v e r  t h e  last decade o r  so t h e  p a r t i c l e  compos i t ion  of t h e  pr imary r a d i -  

a c I o n  h a s  been qui%e well, dekormined, A ~ E Q ,  ut3kng &he earth's magnetic 

f i e l d  as a momentum s e l e c t o r ' ,  t h e  ene rgy  spectrum h a s  been d e t e r n i n e d .  

From h i g h  a l t i t u d e  b a l l o o n  and r o c k e t  measurements 

, I  

The compos i t ion  of t h e  pr imary cosmic r a d i a t i o n  which c o n s i s t s  

l a r g e l y  of e n e r g e t i c  n u c l e i  which have  been s t r i p p e d  of  t h e i r  e l e c t r o n s  

. h a s  been- found t o  be as f o l l o w s ;  - 85% hydrogen,  -12% he l ium,  -1% 

i n  t h e  carbon-ni t rogen-oxygen g roup ,  - 0.25% i n  t h e  l i t h i u m - b e r y l l i u m -  

. boron g roup ,  w 0.25% neon and h e a v i e r .  High energy e l e c t r o n s  c o n s t i t u t e  

the r ema inde r  of t h e  t o t a l  f l u x .  

8 
The e n e r g i e s  o f  t h e  pr imary p a r t i c l e s  ex tend  from below 10 e l e c t r o n  

, & ,  

v o l t s  t o  as h i g h  as a b o u t  10'' e l e c t r o n  v o l t s .  A l l  

have  been obse rved  t o  e x h i b i t  energy s p e c t r a  of t h e  

ene rgy  region ( E  W 3  Bev), wkiich may be r e p r e s e n t e d  

\ - "  
- f  

2 
where N( > E l  i s  t h e  f l u x  i n  p a r t i c l e s / c m  - s e c - s t e r  

t h e  charged components 

same form i n  t h e  h igh -  

f o r  a g iven  Z by 

w i t h  ene rgy  2 E ,  E 

is t h e  energy p e r  nuc leon  i n  Bev, i s  a c o n s t a n t ' w h i c h  i s  i n a e -  ' . 

pendent  of ( a t o m i c  number) and C i s  a c o n s t a n t .  I n  t h e  ene rgy  r e g i o n  

between 300 Mev and 3 Bev t h e  v a r i o u s  components seem t o  have similar 

s p e c t r a l  forms when expres sed  i n  terms of magnet ic  r i g i d i t y  w h i l e  a t  

e n e r g i e s  below 300 Mev t h e  s p e c t r a l  form i s  q u e s t i o n a b l e ,  

. 'i' t '  

. . ' I  



' ,  

i l  

. . .  The a n g u l a r  d i s t r i b u t i o n  of tke g a l a c t i c  cosmic r a y s  has been Eound 

t o  be  i s o t k o p i c ,  With t h e  t o t a l  flux b e i n g  abou t  2 cm-2-sec'1 a t  s o l a r  

- 2  -1 
ma:<iiauin and  about  L: cm . -sec . a t  s o l a r  minimum. The g a l a c t i c  cosmic 

r a y  i n t e n s i t y  h a s  been shown t o  undergo modula t jQns  which may be c o r -  

refated wf th  solar a c t i v i E y .  6ne such modulat ion is t h a t  connec ted  w i t h  

11-year  s o l a r  c y c l e .  The c o r r e l a t i o n ,  h e r e ,  w i t h  s o l a r  a c t i v i t y  i s  a 

n e g a t i v e  one - t h a t  i s ,  t h e  cosmic r a y  i n t e n s i t y  d e c r e a s e s  as s o l a r  

a c t i v i t y  i n c r e a s e s .  As i n d i c a t e d ,  above,  a v a r i a t i o n  i n  f l u x  of abou t  
. .  . .  . ,  

a Eactor of 2 i s  observed  o v e r  t h e  s o l a r  c y c l e .  I n  a d d i t i o n  t o  t h e  11- 

y e a r  c y c l e  modula t ion  t h e  g a l a c t i c  cosmic r a y  i n t e n s i t y  i s  subject t o  

r a t h e r  sudden d e c r e a s e s .  These s h o r t  term changes are c a l l e d  Forbush 

d e c r e a s e s  and .nay be  c o r r e l a t e d  w i t h  lsrge magnet ic  s torms .  These de-  

. -  

-. 

.) creases which u s u a l l y  occur  at times of  h i g h  s o l a r  a c t i v i t y  r e s u l t  i n  

a 25% t o  30% d e c r e a s e  i n  t h e  a l r e a d y  reduced i n t e n s i t y .  I n  b o t h  t y p e s  

+ o f  rnodulat iods i t  is p r i n c i p a l l y  t h e  lower energy  p a r t i c l e s  which a re  * 

< . - .  
. affected. I 

'Since t h e  pr imary  cosmic p a r t i c l e s  a p p a r e n t l y  o r i g i n a t e  f o r  t h e  

most p a r t  from s o u r c e s  e x t e r n a l  t o ' o u r  - s o l a r  system and are observed  

t o  be i s o t r o p i c  i t  is  obv ious  t h a t  t hey  shou ld  b e  expec ted  t o  p r e s e n t  

e s s e n t i a l l y  a c o n s t a n t  environment  f o r  a space v e h i c l e  r e g a r d l e s s  of 

i t s  l o c a t i o n .  F o r t u n a t e l y ,  however, t h e  i n t e n s i t y  of  t h e  r a d i a t i o n  i s  

so small t h a t  it does  n o t  d e s e r v e  any g r e a t  concern  from t h e  p o i n t  of 

view of r a d i a t i o h  damage t o  components o r  m t e r - l a l s  and pe rhaps  o n l y  

l i m i t e d  concern  as f a r  as man i s  concerned  a t  least f o r  s h o r t  m i s s i o n s .  

\ 

3 .  
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'. . .  

The energy  f l u x  a t  t h e  v i c i n i t y  <E t h e  e a r t h  o e s  2v 

- 7 - x  10 e rgs -cn  - s e c  w i t h  t h e  energy  d 5 n s i t y  b e i r g  - 0 . 6  ev/cm , 

abou t  t h a t  o f  s t a r l i g h t .  

s t c r a d i a n s  i s  
# .  

- 3  - 2  - 1  3 

. , " 

I t  is indeed  f o r t u n a t e  t h a t  t h e  f l u x  of t h e s e  p a r t i c l e s  i s  no t  
. ,  

A&zfje 61riI2Q r h a l r  w r y  hL#A ansrgiQe rtlPlf@ € . h @ l , l  Vcif)' i l iff€teulfi  Ea ahia l t t  

a g a i n s t .  

; Solar Cosmic R a d i a t i o n  
. .  - 

~ .' 
d n o t h e r  t y p e  of r a d i a t i o n  environment  which one would a p p a r e n t l y  

encoun te r  th roughout  t h e  s o l e r  system i s  t h e  qolar cosmic r a d i a t i o n  o r  

"solar pro tons . "  These names are used t o  d e s c r i b e  t h e  l a r g e  f l u x e s  of 
I _  

. .. 
. e n e r g e t i c  p a r t i k l e s  which a re  observed  i o  r e a c h  t h e  v i c i n i t y - o f  t h e  

e a r t h  fo1 lowing .a  p o r t i o n  o f  t h e  i n t e n s e  s o l a r  f l a r e s  which occur  on 

t h e  s u r f a c e  of t h e  sun.  

While t h e  g a l a c t i c  cosmic r a d i a t i o n  has been known and s t u d i e d  f o r  
I 

many years the.solar cosmic radiation was d i s c w e r e d  lass t h a n  20 years 

ago and h a s  been s t u d i e d  i n  d e t a i l  o n l y  f o r  t h e  last  7 y e a r s .  Such s t u d -  

ies  have  u t i l i z e d  ground l e v 2 1  neu t ron  and r a d i o  a b s o r p t i o n  m e a s u r e m e n t s  

as w e l l  as measurements made on h i g h - a l t i t u d e  b a l l o o n s ,  s a t e l l i t e s  and 

.. . 
space  probes .  

The p a r t i c k s  observed  f o l l o w i n g  a s o l z r  o u t b u r s t  are predominant ly  

p r o t o n s  whose e n e r g i e s  ex tend  t o  as h i g h  as s e v e r a l  Bev i n  some c a s e s  - 
hence,  t h e  nzme "solar ' p ro tons ."  I n  each  e v e n t ,  however, p a r t i c l e s  

h e a v i e r  t h a n  p r o t o n s  appea r  t o  be  p r e s e n t .  The r e l a t i v e  nurnber of 

h e a v i e r  par t ic les  (mos t ly  a l p h a  p a r t i c l e s )  v a r i e s  g r e a t l y  f rom e v e n t  t o  e v e n t .  



'. 
* i  .. . EiPur?  1 shows t h e  t i m e  of oFcur rence  and t h e  r e l a t i v e  magnitude 

of 79 s o l a r  p r o t o n  e v e n t s  d u r i n g  t h e  y e a r s  1956 t t irocgh 1961 which ex- 

h i b i t e d  a n  i n t e g r a t e d  i n t e n s i t y  of g r e a t e r  t han  LO protons /cm f o r  

-Tc rg ic s  grec?.ter than 30 $lev: The f i g u r e  i s  based on  d a t a  g iven  i n  

Re fe rence  1. mere a r e  s e v e r a l  o b s e r v a t i o n s  which nap be made from 

6 2 

t h i s  f i g u r e .  The s p o r a d i c  n a t u r e  of t h e  time i n t e r v a l  between e v e n t s  

' i s  n o t a b l e  w i t h  t h e  "bunching" o f  e v e n t s  be ing  t h e  r e s u l t  o f  several  

o u t b u r s t s  o r i g i n a t i n g  i n  t h e  same a c t i v e  r e g i o n  on t h e  sun .  As a matter 

of f a c t ,  t h e  e v e n t s  shown r e p r e s e n t  on ly  16 a c t i v e  r e g i o n s  w i t h  SO p e r c e n t  

of  a l l  t h e  F o l a r  cosmic r ays  d u r i n g  t h e  s i x  y e a r  pe r iod  hav ing  o r i g i n a t e d  

i n  only f o u r  of t h o s e  r e g i o n s ,  Also of i n t e r e s t  i s  t h e  f a c t  tliat none 

of t h e  l a r g e s t  e v e n t s  occur red  d u r i n g  t h e  y e a r s  of s o l a r  maximum (1957-5s) 

~ 

b u t ,  i n s t e a d ,  occu r red  on e i t h e r  s i d e  of t h e  maximum p a r t i c u l a r l y  o n  t h e  

d e c r e a s i n g  s i d e .  Notable  i s  t h e  r e1a t ; i ve ly  long  p e r i o d  between t h e  

o c & r r e n c e s  'of a c t i v e  c e n t e r s  which have produced such l a r g e  e v e n t s .  

S i n c e  t h e  l e n g t h  of time o v e r  which d e t a i l e d  o b s e r v a t i o n s  have  been 

made is s m a l l * a n d  t h e  s t a t i s t i c s  a re  few, i t  cannot  be s a i d  w i t h  any de-  

g r e e  .of *cer ta in ty . ,  tbst t h e  ,largest e v e n t s  which are  p o s s i b l e  .have been 

obse rved .  Also, it i s  obv ious ly  improper  t o  correlate size or  f r eqcency  

of e v e n t s  w i t h  sun s p o t  c y c l e s  vhen one c o n s i d e r s  t h a t  d e t a i l e d  o b s e r -  

v z t i q n s  have beea  made d u r i n g  b u t  one  such  c y c l e .  

. .  

. 

F i g u r e  2 ( t a k e n  from Refe rence  1) shows t h e  yearly i n t e g r a t e d  i n t e n -  

s i t i e s  of  s o l a r  p a r t i c l e s  above 100 Kev as well as 30 Mev compared w i t h  

t h e  t o t a l  yearly i n t e g r a t e d  i n t e n s i t i t e s  of g a l a c t i c  p a r t i c l e s .  

obv ious  t h a t  t h e  l a r g e  e v e n t s  c o n s t i t u t e  t h e  major  p a r t  o f  t h e  f l u x .  

It i s  
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% l a r  p r o t r , a  events  .ire chi r ic tc . r i . ze6  , i n  gili-LF-r?.L, by a seLat iveIy 

r a p t d  r i s e  t o  maximum i n t e n s i t y  followed by a slower decay. T-!ovever, 

t h e  t i m e  c o n s t a n t s  a s s o c i a t e d  wi th  t h e s e  c h a r a c t e r i s t i c s  a l o n g  iqith ;he 

t i n e  from t h e  f le re  o c c u r r e n c e  t o  the  a r r i v a l  oE p a r t i c l e s  va ry  from 

event Ea avent aftd w ~ ~ k  e n a g ~ y .  Tha daldy $0 par t i . e l~  ar%lvaL 4~ well 

as t h e  r i s e  t i m e ,  may vary  from a few mtgiit-es f o r  ' i g h  energy particles 

i n  ORE even t  t o  many hour s  f o r  low e n e r g  p a r t i c l e s  i n  a n o t h e r .  The 

decay i n  i n t e n s i t y  nay be r e p r e s e n t e d  (Ref .  2 )  by i3n e x p r e s s i o n  of t h e  

form - +iD 
I ( E )  1 m 2 x  (€)e 

:diere I(E) i s  t h e  i n t e n s i t y  a t  t i m e ,  t a f t e r  Tmax(E) of  p a r t i c l e s  hav ing  

e n e r g i e s  g r e a t e r  t han  E ,  and tD i s  t h e  "dec3v t h e ' '  which is a f u n c t i o n  

of  energy, E ,  and v z r t c s  from S J ~ Z ~  LO E y k F 2 : i E .  The decay t i m e  may r ange  

f r o n  3 - 4  h o u r s  f o r  h5g5 energy p a r t i c l e s  i n  one  e v c n t  t o  2 - 3  days  f o r  

low energy  p a r t i c l e s  i n  a n c t h e r .  

I 

Since- t h e  decay t i ~ e ,  the d~lay t i : n e  f o r  p a r t i c l e  a r r i v a l ,  and  t h e  

r i s c  t i r i ! ?  a re  f u n c t i o n s  of  energy  i t  i s  obv icus  that:  t h e  ~ n e r ~ y  spectrum 

. f o r . &  g iven  e v e n t  rnuist change w i t h  t i m e .  Znciced, t h e  spectrum does v a r y ,  

becoming s o f t e r  and s o f t e r  w i t h  t i n e  throughoac a n  e v e n t .  

A s p e c r r s l  and i n t e n s i t y  v a r i a t i o n  f o r  9 " t y p i c a l "  l a r g e  s o l a r  

t h e t i c a l  s o l a r  p ro ton  event  r e p r e s e n t s  :rt Z:+--YIF~ a t  c o r r e l s t i ~ ~ g  c o r -  

t i n u o u s  r a d i o  o b s e r v a t i o n s  w i t h  ci i recc b a i l o o n ,  sa te l l i te ,  and r o c k e t  

o b s e r v a t i o n s .  .A c r o s s  p l o t  of Bai ley ' s  Elu?: v e r s u s  energy c u r v e s  



..................... . . .  . -__ .... ..... 
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i ti>? i;: t!-,e f o r n  oE intest-31 

f l u x  as  9 f r i t -c t ion  of t ime wi th  energy 3 s  t h e  pqrzrctcr. %e c-!asli~4 

p o r t i o n  of t h e  cu rves  r e p r e s e n t  e x t r a p o l e t i o n s  i n  t i n e  beyond t h a t  _r,iven 

by k-il*;. !:;!ny o t  t h e  t y F i c a l  c h z r a c t c r i s t i c s  d i s c u s s c d  esrlter irc 

f 1uxcs  j i r c s t e r  t han  100 h v  vh ich  hsve  been experimnntal1.y ohserved f o r  

s o l a r  p ro ton  e v e n t s  t o  d a t e  and is i nc luded  f o r  comparison w i t h  t h e .  

Csile):  " t y p i c a l "  e v e n t .  '&e t i m e  i n t e g r a t e d  i n t e g r a l  2 n d  d i f f e r e n t i a l  

s p e c t r a  d e r i v e d  from t h e  curves i n  F ig t ! .~ .~ .3?+)  a r e  shown i n  ~-ig~~.~e-?J-Q. 
I .  . .  

i.iany ~ e z s o n s  n o t  c l o s e  t o  t h e  Froblex  -~ppear t o  be of  t h e  o p i n i o n  

t h a t  s ince  t h e  s o l a r  p ro tons  o r i g i n a t e  a t  t h e  sun t5ey  must  arrive f r o m  

t h e  d i r e c t i o n  of t h e  sun. The ev idence  t o  d a t e  i n d i c a t e s  t h a t  t h i s  

p i c t u r e  is  i n c o r r e c t , s i n c e  f o r  t h e  most p a r t ,  t h e  par t ic les  a r r i v e  i s o -  

- I  t r o p i c a l l y .  ' I t  zppears, however, (Ref .  5)  t h a t  i n  some cases t h e  f l u x  

is anisotropic f a r  the  first: 1-2 hours  nErer which i t  becomes I so t rop ic .  

Ir. ?-I1 SUCS - t i s s s  probably  less than  LO p e r c e n t  of t h e  r a d i a t i o n  dose  

arrives d u r i n g  t h e  p e r i o d  of  a n i s o t r o p y .  

\<hen one  c o n s i d e r s  t h e  t o t a l  f l u x  g r e a t e r  t han  30 Nev ( co r re spond ing  
2 

t o  r x n g e  o f  1 g m / c ~  1 given  i n  F i g u r e  2 f o r  t h e  pe r iod  from 1956 throuGh 

1961,  he  must c s v c l u d e  t h a t  t h e  r e d i a t i o n  e f f e c t s  problem from s o l a r  

p r o t o n s  for nost items i n t e r n a l  t o  the space  v e h i c l e  o t h e r  t h a n  hunans  

m y  b? q i t e  s m a l l  s i n c e  t h i s  t o t a l  f l u x  i s  j u s t  about  t h e  l e v e l  f o r  

o b t a i n i n g  s i g n i f i c s n t  damage i n  t h e  most s e n s i t i v e  semiconductor  devicns 

7 I .  
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The r a d i a t i o n  i n  space ‘87hich appears to p r e s e n t  by far t h e  most  

d i f l i c u l t  probiein from the r i a i a t i o n  e f f e c t s  v i c . ; \ rp in t  and i s  o f  t h e  

mst  i m n d i a t e  coqc4rn i s  t h a t  which i s  t rqpped  i n  t h e  m g n e t j c  f i e l d  

of the earth.  Included are t h e  p r o t o n s  and e l e c t r o n s  which c o n s t i t u t e  

t h e  n q t u r a l  1:m; L i l l r n  F e l t  z l o n g  v 7 i t . h  t h e  e l e c t r o n s  Lnjec tcd  as a re- 

s u l t .  of t h e  .July 1962 h i g h - a l t i t u d e  n u c l e a r  d e t c n z t i . a n .  

:isT!.lral l-> j i c id i a t ion  - Del t  - The n a t u r a l  geomagnet ica l ly  t r s p p e d  r a d i -  

a t i o n  :,*;cis Eirst d e t e c t e d  by the i n s r r u m c n t a t i o n  or! t h e  Expl.orer I .  

Subsequent ly ,  i t  has  been s t u d i e d  by t h e  u s e  of r a d i a t i o n  d e t e c t o r s  on  

v i r t u a l l y  a l l  t h e  succeeding  s a t e l l i t e s .  

T h i s  r a d i a t i o n  c o n s i s t s  o f  charg9d p a r t i c l e s  ( p r o t o n s  and e l e c t r o n s )  

t r a p p e d  along t h e  l i n e s  of f o r c e  in the e a r t h ’ s  magnet ic  C i e l d .  The 

. ?.. e a r l y  p i c t u r e  (?.ef. A )  of  t h e  t rap2r-d  r z d i a t i c n  :.I?-s R S  sI;c::n i n  L i<l-l~-c 4 ,  

where the c o n t o u r  l i n e s  r e p r e s e n t  the c o u n t i n g  rates obts i -ned t r i rh  Geiger  

c o u n t e r s  f lown i n  E x p l o r e r  IV a n d  E i ~ n , : ~ . . r s  111 a n d  1::. T~ie p i c t u r e  was 

of  two belts e x t e n d i n g  i n  doughnut f~.s’- . icr  ~ L , r o ~ - ~ n d  the e ~ r t 5  with the  

i n n e r  b e l t  be ing  composed of b o t h  pr0 tsn . s  ?-rid e l e c t r o n s  and t h e  o u t e r  

:. 3 p i c t u r e  has evolved i n t o  t h e  one i l l u s L r s t e d  i n  F i q u r r  5 !based on 

8 .  



N 



t k e  t i i ~  r c  dirc,?.nsion.:.l p i c t u r c .  - L e  d a t i  on t h e  r i g h t  f o r  g r o t o n s  S r e a t e r  

5 Piev and f o r  e l e c t r o n s  greater t h a n  L8-x 3 - 7 - r .  i t  f s  ~3 l o n g e r  rrcppr to  

speak  of two d i s L i n c t  b e l t s  having  d i f f e r c n t  p a r t i c l e  compos i t ions .  

Indeed ,  i t  i s  a p y q r e n t  t h a t  t h e  two b e l t  concnpt  carlle a s  a r e s u l t  o t  !..-<- 

hi,+ t h r e s h o l d  of t h e  d e t e c t o r s  used. 

Tb.e charged  p a r t i c l e s  --;hich are t r a p p e d  i n  t h e  rnagret ic  f i e l d  s p i r a l  

a l o n g  t h e  l i n e s  cf f o x ?  with one of t h c  c o n s t a n t s  o f  the n o t i o n  b e i n g  

r e p  r e  s en  t cd by 

where. Q it; t h e  angle  between the p a r t i c l e  v e l a c i t y  and t h e  l i n e  of f o r c e  

and H i s  t h e  f i e l d  strength wi th  tbe ?GbsCr ip t ,  3 ,  referrins t o  the 

. e q u a t o r i a l  p l a n e .  A s  t h e  p a r t i c l e  t r a v e l s  i n  a s p i r a l  a b o u t  t h e  magnet ic  

f i e l d  Z j q e  tor.-ard h i g h e r  l a t i t u d e s ,  i t  2rnvels  Iatu a converg ing  f i e l d  

r e s u l t i n g  i n  a n  i n c r e a s e  i n  H and, hence ,  a n  i n c r 3 ~ ' : 2  i n  p i t ch  angLe., 0 .  

$!hen 0 r e a c h e s  90 d e g r e e s  the p a r t i c l e  i s  reflected, a g a i n  s p i r a l i n g  

about t h e  l i n e  of f o r c e  u n t i l  r e a c h i n s  t h e  corrrsporicling p o i n t  i n  t h e  

o p p o s i t e  hemisphere where it i s  a g a i n  r e f l e c t e d .  It i s  seen  t h a t  t h e  

s n z l l e r  t h e  p i t c h  s z g l e  i n  t h e  e q u n t o r i a l  p l a n e ,  t h e  deepe r  i n t o  t h e  

9. 
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r d i a t i . c n  a t  all p o i n t s  peaked i n  :~IC d i r e c t i c n s  p e r p e n d i c u l a r  t o  t h e  

I f . r m n  o f  f o r c e  with  t ? ? e  pe?.ki.ng %ore pronounced a t  i;igh l . t i t c d e s .  
I .  

t!ic r d i u s  o f  c u r v a t u r e  oE ttie p a r t i c l e  motion a l o n g  a s i n g l e  r c t a t i o n .  

T h i s  bE:inE i:he c a s e ,  r e g a r d l e s s  o f  t h e  p o i n t  of  i n j e c t i o n ,  i n  t i v e  t h e  

rac1i.c. t i o n  spreads around the e a r t h .  

Irl c a r r y i n g  o u t  t h i s  motion,  the p a r t i c l e  v i 1 1  rowi in  a l o n g  l i n e s  
I 

o f  f o r c e  e x h i b i t i n g  f i e l d  s t r e n g t h s  co r re spond ing  t o  t h o s e  a l o n g  t h e  

g r i g i n a i  1in.e. S i n c e  t h e  ear th 's  magnet ic  f i z l d  i s  riot 9 t r u e  d i p o l e ,  

t h e  p a r t i c l e s ' w i l l  vs ry  i n  ~ . , l t i t . - l d e  as  they  c i r c l e  the  earth an? can-  

sequcntLy the a l t i t u d e  of t h c  b o t t o m  of t h e  r a d i a t i o n  I:e,lt w i l l  be a 

.. fupction of Longiti:.de. T h i s  -);1;-<<3-:iQz vktcl-' i s  o f t e n  c e g l e c t e d  vhen 

d e t e r n i n i n ?  t he  r a d i a t i o n  t o  ~ h i r h  a vc.5fcLz v i 1 1  h e  s u b j e c t e d  i s  shown 

ic '"Lglir:? 5 {t-aken from F.eference 81. i iera t i ie  geograph ica l  l a t i t u d e  

- 7  3 LoFcitude f o r  t h e  gec~zgq .e t i c  e q u a t o r  are shown with the c i t i t u d e s  

_. - LL ~ 1 
. . - I =  i ~ l t  t o t t o n  i n  t h e  geomagnet ic  e q u a t o r i a l  p l ane .  It i s  seen  +_t-,;,..t 

A ;-:>.riatLcr! of as much as -193CKn e x i s t s  i n  t h e  c l t i t u d e  of t h e  b e i t  

L o t t m  froi?. one  Lof.gitude t o  a n o t h e r .  Th i s  could  r e s u l t  i n  3 s i p i f l -  

can: error  iE n o t  cons ide red .  A s  a r e s u l t  of t h e  expansion of  t h e  

10. 
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"nn.t:ir,2.1" r;c:sr?agriFjiic c p o r d i n a t c s ,  E a n d  L ,  w5~x-e 1 i s  t h e  magnet ic  

f i e l r !  s t r e n g t h  a d  L dcsigr?ates  t h e  mil.gnetic sh?'.? s n  which :he F a r t i c l e  

t r o v e i s  as it  d r i f t s . i n  long i tude .  Kumer ica l ly ,  L i s  e q u a l  t o  t h e  d i s -  

. t a n c e  frcn the e a r t h ' s  c e n t e r  ( i n  e a r t h  r a d i i )  t o  t 3 e  s k e l l  i f  t h e  f i e l d  

: I . 

were a n  i d e a l  d i p o l e .  

:he two belt coricspt does p e r s i s t  w i t h  a d i f f e r e n t  d i s t i n c t i o n  E e -  

tween t h e  b e l t s  t han  i n  t h e  original cas2. The distinctive c h a r a c t e r i s t i c  

of the i n n e r  b e l t  i s  i t s  s t a b i l i t y  w i t h  time whereas t h e  o u t e r  b e l t  under -  

goes  orc?Iers of magnitude changes i n  i n t e n s i t y  w i t h i n  t i n e s  of the order  

of  days  -r e&n hours. An L ~ r a l u e  of about  2  seer?.^ t o  form the d i v i d i n g  

. kieasurements have  

be l t s .  

a €  t h e  t r a i jped  p r c t o n s  extend t o  hundreds o f  Xev. 

been made of t h e  s p e c t r a  of t h e  p e n e t r a t i n z  protons 

i n  the i n n e r  zone.  Freden  and Z h i t e  (Kef .  10) found t h e  p r o t o n  spectrum 

t o  be of the form 

where L i s  a c o n s t a n t  and E t h e  p r o t o n  energy .  Th i s  e x p r e s s i o n  h a s  P 



. .. .. . . ... _. . . .. .. .-*. . -  .. -_-. - .-. -- .. ---- 
. *  .. 

.. 

resu1:ing 2rox s o l a r  flares, thus, p r e s e n t i n g  a much more fo rmidab le  prob-  

1ci-c wliere s l i i e l d i r g  i s  r eq l i i r ed .  

Very  l i t t l e  i s  known about the energy spectrum of e l ec t rons  in the 

rcgioz of the inner bel+_ ( L  < 2 ) .  SevsL.21 nc2surements hzve been made a t  

low a l t i t u d e s  b u t  t h e  agreement  is not - 2 , ' .  31ts  s i t u a - i o n  i s  r ? t  ex- 

pected  ' i o  in:;.,rnve soon s i n c e  ;he n a t u r a ,  r - d i s t i o n  i s  now masked by t h e  

preecnce c -  s r t i f i c i a l  e l cc t rqn  E e l t  v!iich w F l l  be 2 i s c u s s e 3  i n  the 

nex t  s e e  t i 6 n .  

gcmdiy xurnbcr cf n e e s u r e m m t s  have kcen made OL the cpeCtrum of 

tL12 o u t z r  L 3 l t  

spectral  shape  

e1sccrcns.- U ~ ~ t r s v ~ r ,  i t  i s  FmpassibLo, t o  spe?Lk of any one 

as t h e  spectrum because  o f  t h e  large tenpora i  v a r i a t i o n s  

12 .  
. .  

~.. . ..- . 
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x h i c h  are encountered .  One s p e c t r a l  shape o b t a i n e d  by O 'Br ien  e t  a1 

(I?.ef. 13) is compared i n  t h e  , n e x t  s e c t i o n  ( F i g .  lo )  G i t h  t h a t  of t h e  

a r t i f i c i a l  b e l t  o f  e l e c t r o n s .  

llie n a t u r a l l y  o c c u r r i n g  t rapped  e l e c t r o n s  are ,  fo r  t h e , m o s t  part, 
' 

l a w  enough i n  eRePgy 6 8  t h a e  they  ape r a s a i l y  stopped w i t h  o n l y  t h e  re-  

s u l t i n g  b remss t r ah lung  r a d i a t i o n  p r e s e n t i n g  a r a d i a t i o n  hazard  i n t e r n a l  

t o  t h e  v e h i c l e .  The p r o t o n s ,  however, e x h i b i t  a r e l a t i v e l y  f l a t  spec- 

t r u m  and can  p r e s e n t  a problem i n t e r n a l  as w e l l  as e x t e r n a l  t o  a space  

vr-hiclP-. As i s  t h e  c a s e  f o r  s o l a r  p r o t o n s ,  t h e  low energy spectrum i s  

. not well. enough known t o  a l l o w  an a c c u r a t e  p r e d i c t i o n  of t h e  e f f e c t s  C R  

s e n s i t i v e  components such as s o l a r  ce l l s  e x t e r n a l  t o  a v e h i c l e .  

A r t i f i c i a l  S a d i a t i o n  B e l t  - On J u l y  9 ,  1962 a n u c l e a r  d e v i c e  was 

' . d e t o n a t e d  a t  h i g h  a l t i t u d e  o v e r  Johnson I s l a n d  i n  t h e  P a c i f i c .  Th i s  

e x p l o s i o n  ( code  named S t a r E i s h )  produced a b e l t  of e l e c t r o n s  which, 

. trzppec? i n  t h e  same manner as t h e  p a r t i c l e s  i n  t h e  n a t u r a l  b e l t ,  en- 

c i r c l a d  t h o  o~?rtl i ,  

?-.a spcz t ia l  d i s t r i b u t i o n  of t h e s e  p a r t i c l e s  a t  a t i m e  abou t  one  

vsek  a f t e r  t h e  e x p l o s i o n  was a c c o r d i n g  t o  Hess (Ref,  15) as shown i n  

F L ~ ~ K G  8 ,  

t h o s e  f o r  t h e  h i g h  energy n a t u r a l l y  o c c u r r i n g  p r o t o n s  for comparison.  

Here t h e  c o n t o u r s  of t h e  a r t i f ic ia l  b e l t  are shown a l o n g  w i t h  

The peak f l u x e s  are s e e n  t o  be  h i g h e r  t h a n  t h o s e  f o r  t h e  n a t u r a l  e l e c t r o n  

b e l t s  (See  F i g .  5). ~ 

It  i s  no ted  from F i g u r e  8 t h a t  t h e  h i g h  i n t e n s i t y  r e g i o n s  of t h e  

a r t i f i c i a l  b e l t  ex tended  t o  c o n s i d e r a b l y  lower a l t i t u d e s  than  do t h o s e  
- 

13. 
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o f  the n a t u r a l  b e l t s ,  r e s u l t i n g  i.n.a hazard t o  v e h i c l e s  w!iich were d e -  

- s i ~ : n e d  t o  f l y  i:: o r b i t s  which xcrc f r e e  o f  s i g n i f i c a n t  r a d i a t i o n  p r o i . 1 ~ ~ ~ .  

%lis hazard i s  i l l u s t r a t e d  i n  F ieure  9 which shows t h e  f l u x  c o n t o u r s  a t .  

a n  altituc!c? o f  4 G  Km (Kef. L S ; ) ,  Here we see substantial f l u s c s  of 

p a r t i c l e s  a t  an altitude which p r e v i o u s  tg t h e  S ts r r f i sh  e x p i o s i o n  was 

essentially f r e e  of s i g n i f i c a n t  r a d i a t l c n  h a z a r d s .  The h i g h  f l u x e s  a t  

? h i 5  a l t i t u d e  aro, 3 r e s u l t  oE t h e  South .It!--+-'- anomaly i n  t h n  ea r th ' s  

n,:;netic f i e l d .  

The .c?ectrun or' t h e  e1ec t ror . s  generztea by che  bomb sliould be  e s scn -  

2 35  t i a l l y  t h s t  of e l e c t r o n s  from t h e  f i s s i o n  o f  U . Thrs spectrum tics 

been d e t e r n i n e d  (Ref. 16) to be g i v e n  by 

' .  9 

f3r :I: Snt- .een 1 end 7.f-lev. Fiz>rc 1fi is a comparison of t h i s  spectrum 

w i t h  t h e t  measured i n  t h e  outf;: r:.<.tura! e I 2 c t r o n  Lelt by O 'Br i en  e t  -a1 

( k e f ,  E ) ,  L L E  rr , iat ive inte:?rj .cies t n  t h e  p l o t  have no meaning.  It 

i s  sc::: ci-.at t h e  e l c c 5 r o n s  i n  t h e  a r t i f i c i a i  bc-iir are, on the whoLe, 

much more e n e r g e t i c  r a n g i n g  t o  as h i s h  F.S 5 o r  7 MEV and ,  hence,  nore 

p e n e t r a t i n g .  

-. 

?Ye r e s c l t s  of c a l c u l a t i o n s ,  by t h s  rluthor, of t h e  dose due  t o  

p e n e t r a t i n g  e l e c t r o n s  and b remss t r ah lung  behind aluminuri! s h i e l d s  for 
s.. 2 

an i r ,c i .dznt  f i s s i c n  e l e c t r o n  spectruin normalized t o  one e l e c t r o n / c m  

i n c i d e n t  are shown Fn F i p u r e  11. It i s  seen t h e t  t h e  p e n e t r a t i n g  e l e c -  

. . t r o n s  c o n s t i t u t e  t h e  major p o r t i o n  of t h e  dose € o r  s h i e l d  t h i c k n e s s e s  

14.  
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t r e j r c t n y :  t hc  tr.?.--ped r a d i a t i o n  p r e s e n t ?  , t he  major p rch len .  -“?IC d i f -  

I rereace,  o f  c o u r s e ,  a r i ses  n o t  th rough any d i f f e r e n c e  i n  t h e  solar 

p r o t c n  o r  g a i a c t i c  cosmic r a y  cnv i ron2en t s  b u t  from t h e  d i f f e r e n c e  i n  

etFpos!ir,e tir?.c- i n  t h &  Vsn AI.Len beft. 

i - ~ s v l t ! . ~ g  Ercn solar p ro tons  w,lTile i n  the c8  se of t h e  low t h r u s t  

. .  
Anot!-ter sou:-cc of raclisti.cn vl i ich may be a f a c t o r  i n  i n t e r p l a n e t a r y  

,-; , . . . , I c ~ P  P P  . b u t  ?.;,as n o t  heen inc luded  i n  t h e  a‘covc c o n s i d e r a t i o n s  i s  t h e  

e x i s t e n c e  of r a d i z t i o n  b e l t s  su r round ing  o t h e r  p l a n e t s .  

. ,  

OrbitFi? >: iss lons - Tl7e n a t u r e  o f  t h e  r a d i a t i o n  problem f o r  o r b i t a l  

missioxs in t h e  r e c i o n  occupied by t h e  n?.tural  trapped r a d i a t i o n  he1.t i s  

indicatsd i n  F i r u r e  14.  Here, t h e  m i s s i o n s  may b e  d i v i d e d  i n t o  two 

gpncra1  cztegorics (11 t h o s e  u t i l i z i n g  e q u a t o r i a l  o r b i t s  and ( 2 )  t h o s e  

c a L l i n g  f o r  p o l a i  o r b i t s .  The cu rves  i n  F i g u r e  14 a r e  based on  a one  

y e a r  p e r i o d .  C o n t r a c t i n g  o r  expanding t h i s  Fe r iod  would on ly  change t h e  

a b s o l u t e  rn!agr,~tuc!e of t?ie components. The shzded areas i n d i c s r e d  f o r  t h e  

ifan A ~ ~ c R  b c l t  rndia t ion  ara  rcpreeentstivc of the variation of intensity 

-9.7 ).ne V i n  X1Ten belt i.s seen to  p r e s e n t  t h e  major  problem f o r  t h e s e  

m i s c i c n s .  %e c h i e f  d i f f e r e n c e  i n  t h e  r a d i a t i o n  environment f o r  t h e  

yo T .- r o r 5 i t  2s o p p ~ s c d  t o  t h e  e q u a t o r i x l  >y:iC i s  t h e  d i sappea rance  of 

the solar p ro ton  r a d i a t i o n  i n  t h e  lat ter c a s ? = .  This, of c o u r s e ,  i s  due 

to ~ k n  s h i e l d i n g  AfEorded by t h e  e a r t h ’ s  i n i l p e t i c  f i e l d ,  as i s  t h e  v a r i -  

a tFon note4 f o r  t h e  q a - a c t i c  c o s n i c  r a d i a t i o n .  

Katurc?lly,  all o r b i t a l  o p e r a t i o n s  need n o t  be  i n  t h e  r e g i o n s  between 

,-..,905 an< / v 7 I O C  Kin. ?o r  o r b i t s  a t  h i g h e r  a l t i t u d e s  t h e  s h i e l d i n g  

_ _  
. . . . . .  

17. 
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It i s  Gbvious t h a t  r e g a r d l e s s  of i t s  miss ion  any s p a c e c r a f t  will be 

i;n::jj?ztod t o  a r s d i a t i o n  en-Jircnrnent. S i n c e  t h e  geomagnet ica l ly  t r epped  

r a d i a t i o n  i s  conf ined  t o  E r c l a t i ~ d e l y  s m a l l  r e c ion  of s p a c e  r.:hich cai: bc 

r a ? i d l y  trciyersed by h i g h - t h r u s t  v e h i c l e s ,  i t  p r e s e n t s  the p r i n c i p a l  

rsdiatiarl  prcblem o n l y  for ve',iicLes o r b i t i n g  i n  t ha t  r e g i o n  or f o r  low- 

t h r u s t  v e h i c l e s  s p i r a l l i n g  o u t  th rough t h e  region. Eowever, t h e  r a d i a t i o n  

env i romen t  p r e s e n t e d  t o  such v e h i c l e s  i s  t h e  n o s t  s e v e r e  t h a t  w i l l  b e  

encountered  as I r e s u l t  of t h e  indigFnous r d i a t i o n .  

T' - .- SCTAI-  c-.s-!Lc r z d i a t i o n  which i s  t h e  dominat ing  r a d i a t i o n  env i ron -  

ment  Ear d e q  s ~ a r e  vel-iclcs r h i c h  traverse t he  t r a F p e d  r a d i a t i o n  b e l t s  

r a p i d l y  Ls s t i l l  n o t  comple te ly  d e f i n e d  o r  understocd. The shor t  p e r i o d  

o f  time over  which t h e s e  e v e n t s  h?-ve E.~<- -P .  cbserved does n o t  allow comple te  

ccn f idencc .  i n  s t s t l c t i . c s 1  t r e A t n a n t  02 th:: ;?:..3iern which must be  used or 

i n  t h e ,  rnaxiciuc p o s s i l ; l e  s i z e  o f  f u t u r e  e::erlts. ::-:e d e f i n i t i o n  of this 

~,, ' 

. .. 

env i roncen t  9-s well as  t h a t  of t h e  geon?agnetica?Ly trappeci r a d i a t i o n  

w i l l  c+nubt?essly unds rgo  several more p e r t u r j a t i o n s  h f c r e  f i n 2 i  under -  

ctsyci ing is achieved;  

The g z l a c t f c  c o m i c  r a d L a t i c n  i s  tile n c s t  we11 d e f i n e d  of t h e  

n:itnrCL rad i . i t i on  cor?ponents b u t ,  as would be t h e  c a s e ,  p r e s e n t s  1i t t l .e  

o r  no s robicm frox t h e  r a d i a t i o n  e f z e c t s  p o i n t  of view. 

l e .  
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i:a'i ?r;rescnted a severe  r a d i a t i o n  environ-nent  i n  a n  area vrhich p r e v i o u s l y  

r n  t h e  1.07.~ cncrgj. s p e c t r a  o t  the v a r i m s  cori-or.czts to na!ic a n  a c c u r a t e  

assessment  of such problens  p o s s i b l e  a t  t h i s  t i  ?e.  
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